African horsesickness virus serotype 4 (AHSV-4) outer capsid protein VP2, or VP2 and VP5 plus inner capsid protein VP7, derived from single or dual recombinant baculovirus expression vectors were used in different combinations to immunize horses. When the proteins were purified by affinity chromatography, the combination of all three proteins induced low levels of neutralizing antibodies and conferred protection against virulent virus challenge. However, purified VP2 or VP2 and VP5 in the absence of VP7 failed to induce neutralizing antibodies and protection. Immunization with non-purified proteins enhanced the titres of neutralizing antibodies. Again, the combination of the three proteins was able to confer total protection to immunized horses, which showed absence of viraemia. The antigenicity of recombinant VP2 was analysed with a collection of 30 MAbs. Both purified and unpurified recombinant VP2 proteins showed different antigenic patterns in comparison to that of VP2 on virions. An immunization experiment with four more horses confirmed these results. The vaccine described here would not only prevent the disease, but would drastically reduce the propagation of the virus by vectors.
Introduction
African horsesickness (AHS) is a virus disease that causes morbidity in equids and a high mortality in horses (often exceeding 90%). The disease is caused by an arthropod-borne virus (African horsesickness virus; AHSV) within the genus Orbivirus of the family Reoviridae (Holmes, 1991) . AHSV is transmitted to susceptible animals by biting midges (Culicoides spp.), which become infected by feeding on blood from sick animals containing high concentrations of infectious virus. The virus is mainly confined to sub-Saharan Africa, although severe epizootics have occurred on occasions in other parts of the world, including northern Africa, the Middle East and southern Europe (Lubroth, 1988; Rodrfguez et al., 1992; Mellor, 1993) .
As in other gnat-transmitted orbiviruses, AHSV contains seven structural proteins (VP1-VP7), which are organized into two concentric protein capsids , and a genome of 10 dsRNA segments (Bremer, 1976) . The outer capsid consists of two major protein species, VP2 and VP5, of which VP2 It has been reported that baculovirus-expressed outer capsid protein VP2, or VP2 plus VP5, of bluetongue virus (BTV), the prototype of the genus Orbivirus, is able to induce protective immunity against bluetongue disease in sheep . Such protection lasted for a long period ( > 15 months) when baculovirus-synthesized virus-like particles (VLPs) consisting of VP2, VP3, VP5 and VP7 were tested (French et al., 1990; Roy et al., 1992 Roy et al., , 1994b .
We recently reported the construction of recombinant Autographa californica multinucleocapsid nuclear polyhedrosis viruses that expressed AHSV-4 VP2 alone or together with VP5 (Martinez-Torrecuadrada et al., 1994) and VP7 (Chuma et al., 1992) . Subsequently, we have demonstrated that antisera raised against purified recombinant VP2 in rabbits were able to neutralize AHSV-4 in vitro (M artinez-Torrecuadrada & Casal, 1995) . However, in spite of its relevance to vaccine design, systematic antigenic analysis of baculovirus-expressed VP2 derived from either AHSV or BTV has not beeninvestigated to date. Synthesis of a recombinant protein in a heterologous system may lead to inappropriate folding, which may affect the proper presentation of the antigens. Therefore, an additional objective of this study was to examine the antigenicity of recombinant VP2 and the effect of expression in insect cells on the biological activity of the protein. Previous vaccination studies with BTV VP2 involved only infected cell extracts containing VP2 protein. For safety and from a regulatory point of view, purified antigen, free of cellular contaminants, would be preferable. Therefore, for this study purified proteins as well as infected cell extracts were used in the immunization protocols to investigate the potential for inducing complete protection in horses against AHSV. Since AHSV VLPs are not yet available, we analysed the available recombinant proteins for their potential as candidate vaccines. In this report, we describe the evaluation of the protective properties of several combinations of recombinant AHSV-4 VP2, VP5 and VP7 in horses, the natural host of AHSV.
Methods
Cells and viruses. AHSV-4 was grown and assayed in confluent monolayers of Vero cells (ATCC CCL81) in Dulbecco's modified Eagle's medium containing 5 % fetal calf serum (FCS) and antibiotics at 37 °C. Purified AHSV particles were obtained according to a procedure described previously (Mertens et al., 1987) . AHSV-4/89 isolate that had been isolated from infected cells (MarfinezTorrecuadrada et al., 1994) was used for challenge. After three passages on Vero cell monolayers, the virus was titrated by plaque assay as described previously (OeUermann, 1970) and stored at -80 °C.
The Spodopterafrugiperda cell clone Sf9 (ATCC CRLIT11) was used to propagate recombinant baculoviruses. Sf9 cells were grown and maintained in suspension or monolayer cultures using TNM-FH medium supplemented with 5% FCS plus antibiotics at 27 °C.
Recombinant baculoviruses AcAHSV-4.2, which expresses the VP2 protein of AHSV-4 (Martinez-Torrecuadrada et al., 1994) , AcAHSV-4.2/5, which synthesizes AHSV-4 VP2 and VP5 simultaneously (Martinez-Torrecuadrada et al., 1994) and AcAHSV-4.7, expressing AHSV-4 VP7 (Chuma et al., 1992) , were used for antigen preparation.
Antisera and MAbs. Horse sera from different sources, either from AHSV-4-infected horses or from horses vaccinated with live attenuated monovalent vaccine specific for AHSV-4, were used as positive controls.
Thirty VP2-specific MAbs defining nine different antigenic sites ~Ranz et al., 1992) were kindly provided by Dr A. Sanz (INGENASA, Madrid, Spain). They were used to characterize the antigenic structure of baculovirus-expressed VP2.
Animals. Fifteen mixed breed horses of various ages and sizes, seronegative for AHSV, were used for the vaccination experiments. Two weeks before the experiment, the horses were housed at biocontainment level 3 in the Centro de Investigaci6n en Sanidad Animal (INIA, Valdeolmos, Madrid. Spain).
Preparation of recombinant antigens for horse inoculation. Sf9 cells were infected at a multiplicity of 2 5 p.f.u./cell with each recombinant baculovirus. Cells were harvested at 72 h post-infection by centrifugation at 200 g for l0 min. washed once with PBS and resuspended in PBS at a density of 3-7 z 10 v cells per ml. A portion of each sample was analysed by SDS PAGE and Coomassie blue staining to estimate the amounts of AHSV-4 proteins present. Each sample was then divided into aliquots and stored at -70 °C until the day of immunization.
For preparation of purified baculovirus-expressed proteins, infected cells were harvested at 72 h, washed with PBS and lysed by osmotic shock with 25 mM-NaHCQ pH 8'3. Nuclei and cellular debris were then removed by centrifugation at 12 000 g. VP2 and VP5 purifications were achieved by affinity chromatography using IgGs purified from a polyclonal anti-AHSV-4 horse serum and specific MAbs as described previously (Martinez-Torrecuadrada et al., 1994) . VP7 was purified by banding on a 30 % to 80 % (w/v; 10 ml) continuous sucrose gradient (Chuma et al., 1992) . Each purified sample was subsequently stored at -20 °C until use in the immunization experiments.
Horse immunization and challenge. Three groups of horses were used for the immunization experiments. They were immunized in the presence of adjuvants by the intramuscular route with one dose of AHSV proteins as indicated in Table 1 . A booster was given 30 days after the first immunization. Alumina (Alhydrogel; Superfos) plus 500 lag of Quil A (Superfos) per horse were used as adjuvants. Adjuvants such as Freund's adjuvant and other oil emulsion adjuvants were not used as horses are generally hypersensitive to oil emulsions. Control animals received a placebo of saline plus adjuvant~ Blood samples for serological assays were taken before the start of the experiments and at approximately weekly intervals until the challenge.
For challenge, horses received 106 TCIDs0 of AHSV-4/89 in 1 ml of saline, intravenously in the jugular vein, 21-22 days after the second dose of vaccine. Clinical manifestations of the disease including rectal temperatures were observed from 1 to 21 days post-challenge. Blood was collected daily from each horse until the animals died or were sacrificed, in order to determine the virus and antibody titres.
ELISA. For detection of specific antibodies against the whole virion or VP7, an indirect ELISA was carried out similar to that previously described (Laviada etal., 1992a) . Briefly, polystyrene plates (Nunc) were coated with 0.5 lag of CsCI gradient-purified AHSV-4 or 1 lag of purified VP7 in 50 m~a-carbonate buffer pH 9.6 overnight at 4 oC. Washes between steps were performed with 0.05% Tween-20 in distilled water. Horse sera were serially diluted in blocking buffer (0.05 % Tween-20, 10 % FCS in PBS) and incubated for 1 h at 37 °C. (100) vP5 (50) VP7 ( 15 Saline * VP2 and VP5 were purified by affinity chromatography; VP7 was purified by sucrose gradient centrifugation.
Peroxidase-labelled anti-horse IgG (Sigma) at optimum dilution in blocking buffer was used as conjugate. Colour was developed by adding ABTS [2,2'-azinobis(3-ethylbenzthiazolinesulphonic acid) ; Sigma] as substrate. The reaction was stopped with 1% SDS and the absorbance was measured at 405 nm using an ELISA reader. Titres were determined as the reciprocal of the highest dilution giving three times the blank (pre-immunization sera) A40 ~.
Detection of VP2-and VP5-specific antibodies was performed by a double-antibody sandwich ELISA (DAS-ELISA). Basically, microtitre plates were coated with 1 lag/well of purified anti-VP2 MAb (8DF 1) or purified anti-VP5 MAb (10AE12) (Ranz et al., 1992) in PBS by overnight incubation at 4 °C. After five washes, plates were incubated with AcAHSV-4.2/5-infected cell extracts diluted 1/100 in PBS for 1 h at 37 °C, washed again and incubated with serial dilutions of horse sera for 1 h at 37 °C. Bound antibodies were detected as described above.
To test the antigenic structure of recombinant VP2 an indirect ELISA was designed. Plates were coated with three types of antigens, 0.5 lag/well of CsCl-purified AHSV-4 virus, 0.2 lag/well of purified recombinant VP2 or 100 lal/well of AcAHSV-4.2-infected cell extracts lysed by osmotic shock (diluted 1:100 in carbonate buffer). VP2-specific MAbs and peroxidase-labelled rabbit anti-mouse IgG (Sigma) were added as first and conjugate antibodies, respectively.
Virus neutralization test and viraemia assays.
To determine the ability of the horse sera to neutralize the virus #l vitro, a Veto cell monolayer protection assay was used as described previously (MartinezTorrecuadrada et al., 1994) .
To detect red blood cell-associated virus, horse erythrocytes were washed three times in PBS at 4 °C and resuspended in PBS containing 30 lag/ml of gentamicin for storage at 4 °C until testing. Immediately before using, red blood cells were lysed by osmotic shock in distilled water for 30 s. The ionic strength of the lysed cell sample was subsequently restored by diluting 10 times with PBS and cells were sonicated for 30 s to ensure complete disruption. Each lysed sample was seeded onto monolayers of Vero cells. The monolayers were observed 5-7 days post-infection for CPE. When needed, three consecutive passages were made in Veto cells. Viraemia titres of each viraemic blood sample were determined by plaque assay on Vero cell monolayers as described previously (Oellermann, 1970) . CPE was confirmed by an AHSV-specific DAS-ELISA (Laviada et al., 1992b) .
To confirm the viraemia, suckling BALB/c mice between 1 and 3 days of age were inoculated intracranially with 30 ~tl per mouse of lysed erythrocytes diluted 1/10 in saline. Mice were observed for the development of neurological disorders for 15 days. Brains from mice which showed such clinical symptoms or died were examined for virus replication by inoculating Vero cells.
Results

Antigenic characterization of baculovirus-expressed AHSV-4 VP2
To determine the antigenic properties of the baculovirusexpressed protein compared to the authentic VP2 protein present in the virion, we analysed the antibody-binding ability of VP2 obtained by three different methods: (i) non-purified recombinant VP2, (ii) purified recombinant VP2 and (iii) native AHSV-4 VP2 in the form of intact The results are shown in Table 2 . It was clear that baculovirus-expressed VP2, either purified or present in the cell extracts, did not exhibit the same antigenic pattern as the viral VP2, although non-purified VP2 in the cell extract was more similar to viral VP2 than the purified recombinant VP2. MAbs from antigenic sites I, II, IV and VI, recognizing non-linear epitopes, reacted strongly with the non-purified VP2 but not with the purified form. Five MAbs (8BC2, 8DB11, 8CB11, 8DA6 and 10BB4) from antigenic sites V, VII and IX, which recognize the linear epitopes of VP2, reacted strongly with purified VP2. Positive signals were higher than with viral VP2. In contrast, the reactivities of these MAbs with recombinant VP2 in cell extracts were very low. Both purified and non-purified forms of VP2, on the other hand, failed to bind neutralizing MAbs from group III. These differences in antigenicity led us to examine both types of antigens for the design of the vaccination experiments.
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Protection induced by purified recombinant proteins of AHS V-4
Four horses received different combinations of purified recombinant AHSV-4 proteins, keeping constant the amount of VP2. Horse 1 was injected with 100 lag of VP2 per dose. To investigate the role of VP5 and VP7 in enhancing the protective immune response, horses 2 and 3 were injected with a mixture of VP2 and VP5 and a mixture of VP2, VP5 and VP7, respectively. All three horses developed specific antibodies to the virus antigens with which they were immunized. The ELISA titres in all cases increased significantly following a booster, indicating enhanced antibody response (Table 3 ). The response against VP2 was similar in all the animals, reaching antibody titres of 640-1280. However, the response against VP5 was variable; horse 2 had a specific antibody titre of 1280 whereas horse 3 had a titre of only 160 on day 51 post-immunization. Also, in ELISA, antisera reacted to the whole virion, albeit at various levels ( Table  3 ). The highest AHSV-4-specific antibody levels, a titre of 20480 on day 51 post-immunization, were obtained with horse 3, which was vaccinated with purified VP2, VP5 and VP7, illustrating the high immunogenicity conferred by purified VP7. As expected, the control horse 4 that was inoculated with saline remained seronegative.
The presence of neutralizing antibodies in the vaccinated horses was also tested. As shown in Fig. 1 (a) , only horse 3 elicited detectable levels of AHSV-4-neutralizing antibodies although the titres were quite low. No neutralizing antibodies were detected in the sera of the control horse.
To evaluate the protective efficacies of the recombinant proteins, all horses were challenged with virulent AHSV-4 3 weeks after the booster. Horse 3, vaccinated with VP2, VP5 and VP7, was resistant to virus challenge; no clinical signs of AHS developed, although a slight anamnestic antibody response was detected. The titre of VP2-specific antibodies in the challenged animal almost doubled and the neutralization titre reached 320 at day 15 post-challenge (Table 3 ; Fig. 1 a) , indicative of limited as serum dilutions giving a 50 % reduction in the number of plaques obtained with preimmune horse sera. (c, d) Viraemia was determined by measuring p.f.u, per ml of blood in red blood cell-associated virus using plaque assays on Vero cells as described in Methods. Symbols: (m) horse 1, vaccinated with purified VP2; (+) horse 2, vaccinated with purified VP2 and VP5; (A) horse 3, vaccinated with purified VP2, VP5 and VP7; (×) horse 4, control; (D) horse 5, vaccinated with purified VP2 and VP7; (O) horse 6, vaccinated with purified VP2 and VP7; (A) horse 7, vaccinated with purified VP2, VP5 and VP7; (0) horse 8, vaccinated with nonpurified VP2 and VP7; (V) horse 9, vaccinated with non-purified VP2, VP5 and VP7; and (O) horse 10, control.
abortive virus replication. A limited viraemia was detected in this horse for 2 days, but only after two blind passages on Vero cells. On the other hand, the control animal, horse 4, and the other two vaccinated horses developed typical signs of virulent AHSV following challenge and showed a pronounced increase in the antibody titres, indicative of the expected virus replication (Table 3) . Their post-challenge sera, as expected, contained high concentrations of neutralizing antibodies, reaching maximum titres of 10240 for horse 1 on day 15 post-challenge, 2560 for horse 2 on day 10 and 1280 for horse 4 on day 9, respectively ( Fig. 1 a) . Blood samples were viraemic, with a maximum titre for the control horse of 106 p.f.u, per ml of blood on day 7 postchallenge. A lower amount of virus, 105 p.f.u, per ml of blood on day 7 after challenge, was detected in horses 1 and 2 (Fig. 1 c) .
Protection conferred by non-purified recombinant antigens
A second immunization experiment was performed to assess the reproducibility of the protection elicited by the mixture of purified VP2, VP5 and VP7. In order to determine if antigenicity of the purified proteins was affected by the affinity purification method employed, baculovirus-infected crude cell extracts were also tested. In addition, mixtures of only VP2 and VP7, purified and non-purified, were also included in the experiment. To achieve these objectives, six horses were used as described in Table 1 . The amount of AHSV proteins present in each extract of recombinant baculovirus-infected cells was adjusted to give the same amounts as those used in the experiments with purified proteins. The course of specific antibody production induced by vaccination in this group is shown in Table 4 . This time, horses vaccinated with purified VP2 did not develop any specific response against the protein. Again, the immunogenicity of purified VP7 was as high as expected, with titres ranging from 1280 for horse 7 to 10240 for horse 5. Horse 8 showed a low response against non-purified VP2 and VP7 (antibody titres of 320 and 160, respectively). In contrast, horse 9, vaccinated with nonpurified VP2, VP5 and VP7, developed very high antibody titres (20480) against VP2 but not against VP7 (320). Unexpectedly, the immunogenicity of non-purified VP7 was much lower than the purified form.
Serum neutralization titres are shown in Fig. 1 (b) . Horses 8 and 9 elicited AHSV-4-neutralizing antibodies, albeit to various levels. The highest neutralizing response was achieved in horse 9, reaching neutralization titres of 20480 after the booster. However, the response was much lower (640) when an animal (horse 8) was immunized with cell extracts containing only VP2 and VP7. The data suggest that the presence of VP5 enhances the induction of neutralizing antibodies. In contrast, horses immunized with purified VP2, VP5 and VP7 did not develop any neutralizing response.
Fifty-two days after the first immunization all horses were challenged with 106 TCIDs0 of virulent AHSV-4 by intravenous inoculation. Two horses (5 and 9) survived the challenge, although horse 5, vaccinated with purified VP2 and VP7, showed a fever peak at day 12 (rectal temperature of 39-9 °C). Horse 9 showed no increase in AHSV-4-specific antibodies or neutralizing response (Table 4 , Fig. 1 b) and did not develop clinical signs of AHS or become viraemic (Fig. l d) . The remaining animals, including the control horse, were susceptible to challenge, developed typical symptoms of AHS and viraemia (Fig. 1 d) and succumbed between days l 1 and 15 post-challenge. These animals, including horse 5, elicited AHSV-4-specific antibodies, except horse 6, which died before developing a strong immune response (Table 4) . Neutralizing antibodies were induced in significant amounts, reaching maximum neutralization titres of 4 x 10 ~ in horses 7 and 8 on days 13 and 1l postchallenge, respectively.
In conclusion, 100 gg of non-purified VP2, VP5 and VP7 were able to induce full protection in horses, without clinical symptoms of AHS or demonstrable viraemia, after a challenge with homologous virus.
Confirmation of protecting capabilities of non-purified AHSV-4 VP2, VP5 and VP7 against AHSV
To confirm further the protective abilities of the nonpurified baculovirus-expressed AHSV-4 proteins VP2, VP5 and VP7, an additional study was undertaken. Four horses were injected intramuscularly with two doses of Sf9 cells infected with recombinant viruses (6 x 107 cells for AcAHSV-4.2/5 and 5 x l0 s cells for AcAHSV-4.7; Table 1 ). A fifth horse received only saline as control. In all vaccinated animals, anti-AHSV-4 and specific antibody titres were detected. As in horse 9 of the previous experiment, a very high level of VP2-specific antibodies was elicited in all vaccinated horses (Fig. 2 a) , reaching titres of 10 240-20 480 after the booster immunization. Also, the response against non-purified VP7 was lower than that induced by non-purified VP2, with an average titre of 640. In addition, the level of virusneutralizing antibodies to AHSV-4 increased significantly (average neutralization titres > 104) following the booster injection (Fig. 2b) , which was in agreement with previous results obtained with horse 9. The control horse remained seronegative until after the challenge seroconversion.
Experimental exposure to AHSV-4 led to infection of the non-vaccinated horse, which showed typical clinical signs of AHS such as supraorbital oedema, congestion of oral and conjunctival mucosa, cardiac symptoms, respiratory distress and prostration. In contrast, the vaccinated animals were completely protected from virulent virus challenge, remaining healthy without any clinical signs or detectable viraemia. The levels of specific and neutralizing antibodies were also maintained despite the severity of the challenge inoculation, indicating lack of virus replication in all the vaccinated horses. As expected, the post-challenge blood of the control horse was viraemic from day 6 (data not shown) and the serum was seropositive to AHSV-4 from day 7, which indicated virus replication (Fig. 2a) . It is clear from this study that the recombinant vaccine efficiently protect~d horses against infection with the homologous virulent AHSV.
Discussion
Outer shell proteins VP2 and VP5 from orbiviruses have been shown to play a major role in virus neutralization (Inumaru & Roy, 1989) . The use of baculovirus-derived outer capsid proteins from BTV in the development of subunit vaccines is extensively documented . They have been used individually or co-expressed with inner core proteins VP3 and VP7 to form VLPs . The efficacy of these VLPs in terms of induction of neutralizing antibodies and protection seems superior to that of the individual proteins. As little as 10 lag of VLPs fully protected sheep against virulent BTV even when challenged 15 months post-vaccination. Since AHSV-4 VLPs are not currently available, we decided to test the immunogenicity of the three available recombinant proteins in various combinations in the natural host, and to evaluate their protection efficacies against virulent AHSV-4.
In this report, we have studied for the first time the antigenicity of the recombinant baculovirus-expressed VP2, both in purified and unpurified form. Such information is relevant for the design of a candidate vaccine. A collection of 30 VP2-specific MAbs allowed us a precise antigenic comparison between the recombinant VP2 and the authentic AHSV VP2. Our data clearly indicate that the antigenic properties of recombinant VP2 protein, both in purified form and in recombinant virus-infected cell extract, differ significantly from that of virus VP2. Although the neutralizing MAbs did not recognize the unpurified VP2 in the infected cell extracts, the protein was recognized by most of the MAbs specific for non-linear epitopes. These results suggest that recombinant VP2, when expressed individually, does not possess the conformation necessary to expose the immunodominant neutralization epitopes. Purified VP2, on the other hand, was exclusively recognized by MAbs against linear epitopes (sites V, VII and IX). It is probable that the purification process altered the conformation of the recombinant VP2 in such a way that only the linear epitopes were recognized. This is probably due to the use of chaotropic agents for elution of VP2 from the affinity column.
Subsequently, the protective capability of recombinant VP2 in combination with VP5 and VP7 was determined. Combinations of VP5 and VP7 alone were not tested for two major reasons: (i) antibodies raised against BTV VP5 do not neutralize BTV infectivity (Yang et al., 1992) ; and (ii) previous immunization of rabbits with AHSV VP7 alone showed a total absence of neutralizing antibodies in serum (J. L. Martinez-Torrecuadrada & J. I. Casal, unpublished results). The immunization experiments were performed on three groups of horses. The first group of horses were vaccinated only with purified proteins. In these conditions, VP2 alone or together with VP5 was unable to protect the horses. Only a mixture of the three proteins VP2, VP5 and VP7 induced low levels of neutralizing antibodies, but sufficient to confer protection. The slight increase in neutralizing antibodies after challenge is indicative of an anamnestic response. Our results are unlike those of previous studies on BTV , where VP2 alone fully protected sheep against the disease. Furthermore, the presence of purified VP5 did not result in an enhancement of protection in these conditions. Several factors might contribute to these differences. These include the use of purified proteins instead of cell extracts and a different antigenic structure of VP2 and VP5 in AHSV with respect to BTV.
A second group of horses was immunized with recombinant virus-infected cell extracts and purified proteins stored at -20 °C for 7 months. The use of cellular extracts improved the development of neutralizing antibodies by three orders of magnitude. Therefore, in cell extracts and especially when co-expressed with VP5, the recombinant VP2 preserved the natural conformation better than the purified protein. It is possible that the interaction between VP2 and VP5 preserves the correct conformation of the VP2 molecule and consequently induces a more effective subset of neutralizing antibodies. Also, VP5 and probably VP7 may contain important T cell epitopes, which could enhance the immune response to the virus. In some cases, horses developed significant titres of neutralizing antibodies without protection, as in the case of the horse vaccinated with cell extracts containing VP2 and VP7. On the other hand, horse 5, which survived the challenge, had no neutralizing antibodies. This result implies that there is not a direct correlation between neutralization in vitro and protection in vivo, and perhaps other immune mechanisms (e.g. cell-mediated immunity) are involved in the process of protection. Similar evidence was found in BTV infection (for a review see Osburn, 1992) , where sheep could resist challenge with active virus in the absence of neutralizing antibody.
The superior immunogenicity of purified VP7 is most likely explained by the fact that VP7 is over-expressed at very high levels in the infected cells, inducing disc-shaped crystals (Chuma et al., 1992) . Crystalline intracellular VP7 might be less immunogenic that the purified VP7, which has been solubilized and has probably renatured enough to recover its major conformational immunodominant epitope.
Several conclusions were obtained from this experiment: (i) non-purified VP2 is much more immunogenic when it is used together with VP5 and VP7, otherwise immunogenicity is similar to that of the purified form; (ii) VP7 seems more immunogenic when it is purified; and (iii) the affinity column-purified forms of VP2 and VP5 are not only poor immunogens, but they are also quite unstable. Therefore, either the infected cell extracts or recombinant proteins purified by alternative techniques will be more efficacious as an AHSV subunit vaccine. To confirm these data, an additional vaccination study was undertaken involving infected cell extracts containing VP2, VP5 and VP7 in combination. The reproducibility of the results was high, similar neutralization titres as before were obtained and, as expected, all the horses were fully protected against the challenge.
Two important aspects should be considered in the control and eradication of AHSV in a non-endemic area. One is protection against the disease. The other is to prevent the spread of the virus by its vectors, in this case Culicoides (gnat). In BTV, 104 infectious particles per ml of blood are necessary to recover at least one virus per biting (Mellor, 1990) . Assuming similar conditions for AHSV, the vaccine described here would not only protect the animals, but would drastically reduce the possibility that a vector became infected and spread the disease after biting a vaccinated horse. In our studies, viraemia in vaccinated horses was not detectable by conventional methods.
In summary, the crude cell extracts containing the three structural proteins VP2, VP5 and VP7 was sufficient to obtain a complete protective immune response. Although further experiments need to be performed to estimate the duration of the immunity induced by these antigens, the data clearly indicate the effectiveness of this candidate vaccine, which also has the potential to be produced cost-effectively.
